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Introduction 41 42
The development of the speckle shearing interferometer [1] has been characterised by 43 several common technological phases, which can be summarised as; invention, 44 demonstration, application. The technique can be based on a number of differing 45 optical designs, but all have a common ability of at least measuring the out-of-plane 46 (normal to the object surface) first order partial displacement derivatives (∂w/∂x and 47
Analysis of the theoretical system 88 89
Much of the initial development of speckle shearing interferometers for optical 90 metrology applications, can originally be traced to a small number of key publications 91 by a number of researchers [16, 17] .
Significant work [18, 19] subsequently 92 demonstrated the use of wedge based optics for the application of speckle shearing 93 interferometers to deformation analysis. One of the core features of this work (and 94 further work by other authors using alternative optical configurations including the 95
Michelson based optics) is the mathematical description used for the analysis of the 96 optical phase signals (Δ) produced by the interferometer, which was identified as being 97 applicable to Michelson or wedge based speckle shearing interferometers: 98
99
(1) 100 101 where 'λ' is the laser wavelength, 'θ' is the angle of illumination, ∂w/∂x and ∂u/∂x 102 represent out-of-plane and in-plane first order displacement derivatives, and δx is the 103 extent of the lateral shear applied to the interferometer. 104
105
This one relationship forms the basis for many subsequent works and texts by many 106 other authors, providing a first order approximation to the true optical phase value. The 107 issue of suitability of equation 1 has previously been discussed by the current authors 108 [13, 14] , where it is correctly identified that this is a first order approximation, because 109 the theoretical formulation involves a Taylor series [18, 19] , which includes second,higher order derivatives may only become significant if a large lateral shear is used (δx), 112 and even then the second order partial derivative will only contribute a few percent to 113 the overall numerical analysis of the fringe function. 114
115
An important issue which is not often highlighted in research or trade publications, is 116 that equation 1 is based on an analysis of one point at the object plane, and is 117 consequently only truly valid for that one point at the surface normal, and importantly, 118 when using collimated object illumination. However, this relationship is commonly 119 used for the general wavefront approximations, and calculation of optical deformation 120 phase across the entire illumination wavefront. 121
122
Existing work [13, 14] , which has analysed the consequence of using non-collimated 123 illumination for a speckle pattern interferometer, resulted in a theoretical extension to 124 equation 1 which was experimentally verified and correlated. This new formulation 125 (equation 2) suggested that two additional error terms (equation 3) should be included 126 within the phase description, which would compensate for the use of non-collimated 127 object illumination, on a planar object. 128
As in many previous cases, the initial formulation of ideas was based on the use of 135 equation 1. However, further analysis recently completed has suggested that whilst a 136 good correlation was produced between theoretical model and experimental results [13] , 137 the development of the theory required further modification and optimisation to 138 improve the quality of the modelling. 139
140
The refinement introduced here has been to analyse the consequence of modelling the 141 effect of an aperture in front of the image plane. It is perhaps surprising to note that in 142 many instances, the imaging system aperture has been left out of theoretical descriptions 143 of speckle shearing theory, within many publications. This is understandable for two 144 reasons. Firstly, if an approximation is used based on the line of sight to the object 145 surface normal, and secondly, the majority of applications during the 1970's and 1980's 146 were qualitative in nature, which coincides with many of the publications in the 147 technique. Consequently, any modelling of the optical system should consider what 148 happens when imaging away from the surface normal, especially when the extremities 149 of the object are studied. 150
2.1
Modelling the influence of the image plane aperture 152
153
The introduction of the aperture at the image plane can be seen in Figure 2 . Ray 154 tracings have then been used to consider points at an arbitrary position on the planar 155 (flat) object surface, and at the extremity of the object. In order to aid clarity, the detail 156
shown at the object plane is expanded in Figure 3 , specifically highlighting the 157 geometries associated with the path GOT in Figure 2 . With the assumption that the relative light path length change due to deformation is 277 within the pixel size of the CCD camera (any issues of speckle decorrelation are 278 therefore assumed to be minimised), the relative light path length change can be written 279 as: 280 However, the value of this model is that it identifies significant error terms as a function 555 of the aperture and the divergent illumination criteria, which will contribute to the 556 whole error budget of the instrumentation. It is recognised that under certain 557 conditions, these contributions are small (large object distances), but if the parameters 558 change, then so do the error contributions. 559
The model also provides further basis for developing error mapping routines within the 561 typical image processing software used for correlation fringe manipulation, and which 562 would compensate for specific instrumentation variables. And finally, the model helps 563 to define aspects of the full error analysis of the instrumentation, this being a 564 prerequisite for achieving the true metrological calibration-traceability of the technique. 565 
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